Oil-in-water emulsions stabilized by different concentrations of two fractions (7S and 11S) of soy protein, with or without heat treatment at 70 or 90°C, were investigated. Emulsions stabilized by 7S showed smaller droplets than those containing 11S. Moreover, emulsions stabilized by heat treated mixtures enriched in 11S produced gel after high pressure homogenization. Emulsions produced from 75% of 7S and 25% of 11S without or with heat treatment at 70°C showed the smallest droplets, indicating a synergistic effect between them. Thus, the combination between 7S and 11S has a great potential to be used as natural emulsifier in food-grade emulsions.
INTRODUCTION
Currently, there is a growth trend to substitute synthetic emulsifiers for others obtained from natural sources. Proteins are usually employed in oil-in-water (O/W) emulsions due to their ability to reduce the interfacial tension between oil and water. In addition, proteins can form films that act as a physical barrier, preventing the flocculation and coalescence of droplets. [1] In particular, soy protein is a good alternative ingredient due to its high nutritional value [2] and low cost when compared to other sources of protein. [3] This protein has distinct physiological functions, such as the capacity to reduce cholesterol levels and body fat [4] and the property to prevent several types of cancer. [5] The two main fractions of soy protein are glycinin (11S) and β-conglycinin (7S), which represent approximately 70% of the soybean protein. [6] The 7S globulin is a trimer glycoprotein with molar mass of 150-200 kDa composed of α' (~72 kDa), α (~68 kDa), and β (~52 kDa) subunits. On the other hand, the 11S globulin is a heterogeneous hexameric protein with molecular mass of 300-380 kDa that consists of a basic polypeptide (~20 kDa) and an acidic polypeptide (~35 kDa) linked together via a disulfide crosslink. [7, 8] Regarding the technological properties, the 11S fraction has excellent gelling capacity, while 7S shows good emulsifying properties. [2, 9] However, the structural and interfacial properties of these proteins can be changed by processing conditions such as temperature [10, 11] and/or pressure application. [12, 13] Heat treatment causes the globular proteins to unfold, exposing their sulphydryl and hydrophobic groups. [8] In addition, high pressure can modify the protein structure by disrupting the hydrophobic and electrostatic interactions, affecting its secondary, tertiary, and quaternary structures. [12] These changes can lead to aggregation or gelation of proteins, [2, 14] modifying their emulsifying properties. However, some studies have reported that synergistic or cooperative interactions between different proteins (β-lactoglobulin and casein) can improve the stability of oil-in-water emulsions produced under heat treatment at 90°C. [15, 16] The purpose of this work was to study the combination between different fractions of soy protein (7S and 11S), with or without heat treatment, in the stabilization of oil-in-water emulsions. For this purpose, emulsions were produced using high-pressure homogenization, and their microstructure, mean droplet diameter, and rheological properties were evaluated.
MATERIAL AND METHODS

Materials
Defatted soybean flour was obtained from Solae (Solae do Brasil, Brazil) and soybean oil (Bunge Alimentos S.A., Brazil) was purchased in a local market.
Isolation of Soy Protein Fractions
The defatted soybean flour was diluted in deionized water at 15:1 water-to-flour ratio and the pH was adjusted to 8.5 with 1.5 N NaOH. The solution was stirred for 1 h and then centrifuged at 10,000 g for 30 min at 15°C. The supernatant was precipitated by adding a sufficient amount of NaHSO 3 and CaCl 2 to achieve 5 mM SO 2 and 5 mM Ca 2+ , and by the adjustment of pH to 6.4 with 1.5 N HCl. The mixture was stirred for 30 min at 25°C and then centrifuged at 10,000 g for 30 min at the same temperature. For the production of the glycinin-rich fraction (11S), the precipitated was redissolved in deionized water, adjusted to pH 7.0 and freeze-dried. On the other hand, the βconglycinin-rich fraction (7S) was extracted from the supernatant by adding sufficient HCl to adjust the pH to 4.8. After stirring for 1 h, the solution was centrifuged at 10,000 g for 30 min at 4°C
. The precipitated was dissolved in deionized water, neutralized, and freeze-dried. [17] Protein, moisture, and ash contents of the 7S and 11S fractions are shown in Table 1 .
Polyacrylamide Gel Electrophoresis
Electrophoresis in sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGE) was carried out following the method of Laemmli. [18] The two soybean fractions were diluted in a pH 6.8 buffer (62.5 mM Tris-HCl, 20% glycerol, 2% SDS, 0.05% bromophenol blue) and applied to the polyacrylamide gels. The gels were run at 120 V through the stacking (4% polyacrylamide) and separating (12% polyacrylamide) gels, in a mini cell protean electrophoresis unit (Biorad Laboratories, USA). The gels were stained for 2 h with 0.25% Coomassie Brilliant Blue, in ethanol:acetic acid:water (45:10:45, v/v), followed by destaining with acetic acid:ethanol:water (5:10:85, v/v). Commercial molecular weight markers covering the 6000-181,500 Da molecular weight range were used (Sigma-Aldrich Co., USA) as standard.
O/W Emulsions
Preparation of emulsifiers
Different mixtures were prepared by using distinct proportions of soy fractions (1:3, 1:1, and 3:1 of 7S:11S). In addition, pure fractions (non-mixed) were also used as emulsifiers. Emulsifiers without heat treatment and heat treated at 70 and 90°C for 30 min were evaluated.
Preparation of emulsions
For the preparation of O/W emulsions, the emulsifiers were diluted in deionized water and mixed to soybean oil. These mixtures were homogenized using an Ultra Turrax model T18 (IKA, Germany) at 14,000 rpm for 4 min, followed by homogenization in a double-stage high-pressure homogenizer (Panda 2K, Niro Soavi, Italy) with 60 MPa in the first stage and 5 MPa in the second stage. The final concentrations of emulsifier and oil in emulsions were 1 and 30%, respectively. The emulsions were evaluated in relation to microstructure, protein concentration at the droplet surface, and rheology.
Evaluation of O/W Emulsions
Optical microscopy and image analysis
The microstructure of emulsions was evaluated one day after their preparation. A small sample of each emulsion was placed in a microscopy slide, covered with cover glass and observed on an optical microscope Carl Zeiss Model mf-AKS 24 × 36 EXPOMET (Zeiss, Germany) with 100 × objective lens. The microscopy images were analyzed using the public domain software Image J v1.36b (http://rsb.info.nih.gov/ij/). In this analysis, the pixel-scale was converted into microns using a scaling factor, and the droplets were measured individually in five different pictures. At least 200 droplets were measured for each sample and, from these measurements, the histograms were built and the average droplet diameter was determined as the volume-surface mean diameter (d 32 ; Eq. 1).
where, n i is the number of droplets with diameter d i .
Determination of surface protein concentration
The protein concentration at the droplet surface was determined using a minor modification of the method of Tangsuphoom and Coupland. [19] Emulsions were centrifuged at 10,000 g for 30 min at 22°C. The cream phase was resuspended in deionized water and then centrifuged under the same conditions. The protein concentration at the resulting cream phase was determined using the Kjeldahl method, [20] and the surface protein concentration was determined according to Eq. 2.
where, Γ is the surface protein concentration (mg/m 2 ), e c is the protein concentration in the centrifuged cream phase (mg/mL on wet basis), a is the specific surface area of the oil droplets (m 2 /mL), and v m is the droplet volume fraction.
Rheological measurements
Rheological measurements of the emulsions were carried out using a modular compact rheometer Physica MCR301 (Anton Paar, Austria). All measurements were done one day after emulsion preparation at 25°C in triplicate, using a 5 cm parallel plate geometry with a gap of 200 µm. Flow curves were obtained by an up-down-up steps program with the shear rate varying between 0 and 300 s -1 .
Statistical Analysis
Significant differences were determined by the Tukey test. Statistical analyses were performed using the software Statistica 5.5 (Statsoft Inc., Tulsa, USA), and the level of confidence was 95%. Figure 1 shows the characterization of soy fractions by polyacrylamide gel electrophoresis. According to Fig. 1 , 7S showed strong bands that represent the α', α, and β subunits, which are characteristics of this fraction. However, this protein fraction also showed bands related to the acidic (A) and basic (B) subunits, which are characteristics of 11S. In the same way, besides its acid (A) characteristic band, the 11S fraction showed bands related to the α', α, and β subunits. These results indicated that 7S and 11S fractions were not well purified, which will be better discussed later on in the Discussion section. In addition, aggregates with molecular mass greater than 200 kDa were seen at the stacking polyacrylamide gel. 
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Emulsions Stabilized by Soybean Protein Fractions
Microstructure and droplet size Figure 2 shows the microstructure of O/W emulsions stabilized by 1% soy protein fractions added separately (7S and 11S) or mixed in different proportions (1:3, 1:1, and 3:1 of 7S:11S fractions). The microscopy images showed different droplet sizes and flocculation degrees depending on the protein composition and the temperature of heat treatment. Emulsions heat treated at 70°C and stabilized by the 11S fraction and the 1:3 and 1:1 mixtures, as well as all emulsions treated at 90°C, showed higher flocculation degree (Fig. 2 ). 
SOYBEAN FRACTIONS IN OIL-IN-WATER EMULSIONS
All samples presented a monomodal droplet size distribution (results not shown). The mean droplet size was characterized in terms of the surface area mean diameter (d 32 ). Table 2 showed that all emulsions were comprised of droplets with d 32 between 0.52 and 2.05 µm. Comparing the pure fractions, emulsions stabilized by 7S showed smaller oil droplets than the 11S, confirming the better emulsifying properties of the 7S fraction. The combination between the fractions in the proportion 1:3 showed the expected behavior, i.e., the higher amount of 11S led to greater droplet diameter. Nevertheless, the combination between 75% of 7S and 25% of 11S (proportion 3:1) showed the smallest oil droplets (Table 2) because of the combined effect of 7S as a good emulsifying agent and the gelling property of 11S.
Regarding the influence of heat treatment, emulsions stabilized by emulsifiers rich in 7S fraction (7S and 3:1 mixture) showed bigger droplets with the increase of heat treatment temperature. On the other hand, heat treatment made the emulsifiers rich in 11S fraction (11S and 1:3) and the 1:1 mixture more efficient, resulting in smaller droplets than those produced with unheated proteins. Table 3 shows the surface protein concentration of O/W emulsions stabilized by soybean proteins. Comparing the pure fractions, the surface protein concentration was higher for emulsions stabilized by 11S than by 7S. The mixture 1:3 also showed the same trend of the predominant fraction (Table 3 ). However, the mixture 3:1 showed the lowest surface protein concentration, indicating that this mixture requires a lower amount of protein to completely recover the oil-water interface. Evaluating the influence of heat treatment, it was possible to verify that emulsions with 7S as predominant fraction (7S pure fraction and 3:1 mixture) tended to increase the surface protein concentration with the increase of temperature, while an opposite effect was verified for emulsions containing a higher amount of 11S (11S pure fraction and 1:3 mixture).
Surface protein concentration
Rheological measurements
The emulsions showed Newtonian or shear thinning behavior depending on the protein composition and the temperature of the heat treatment. All untreated emulsions behaved like Newtonian (Fig. 3a) and their viscosities were similar (Table 4 ) regardless of the composition of the emulsifier. Emulsions stabilized by 7S and 3:1 fractions treated at 70°C also behaved like Newtonian fluids, while the other emulsions showed shear thinning behaviour (Figs. 3b and 3c) . Thus, systems with predominance of 11S fraction tended to show shear thinning behavior, while those with higher amount of 7S tended to behave like Newtonian fluids. For all systems, the increase in the temperature of heat treatment led to an increase in viscosity. The greatest difference between the viscosity values was observed for emulsions that gelled after high-pressure homogenization (11S, 1:1 and 1:3 at 70°C, and all systems at 90°C). 
SOYBEAN FRACTIONS IN OIL-IN-WATER EMULSIONS
DISCUSSION
The evaluation of SDS-PAGE of 7S and 11S globulins demonstrated that the separation between fractions was not completed due to the presence of acidic and basic subunits in the 7S fraction and α', α, and β subunits in the 11S fraction ( Fig. 1) . Similar results were obtained by Teng et al., [21] who reported the contamination of the fractions using the same extraction method employed in the present work. The employment of these fractions and their mixtures as emulsifiers resulted in emulsions with different characteristics of microstructure, droplet size, protein surface concentration, and rheological properties. Emulsions stabilized by 7S fraction or mixture rich in this fraction (3:1) at 25°C showed smaller droplets, lower protein surface concentration, and higher viscosity than emulsions stabilized by proteins rich in 11S, which can be attributed to the better emulsifying properties of this fraction.
However, the heat treatment of the proteins affected their emulsifying properties. The denaturation temperatures of the 7S and 11S fractions at pH 7 are approximately 75 and 90°C, respectively. [22] Therefore, the heat treatment at 70°C for 30 min probably led to a partial denaturation of the 7S fraction and did not affect the 11S fraction. However, the treatment at this temperature associated with the application of high pressure (60 MPa) caused the gelation of emulsions rich in 11S (Fig. 2) , which can be explained by the different effects of high-pressure application in the distinct fractions. While the 7S subunits tend to dissociate with the application of high pressure enhancing their surface activity, the 11S subunits have a tendency to aggregate, producing some insoluble high molecular weight aggregates due to exposure of hydrophobic residues. [2] This is in agreement with the fact that the 7S fraction subunits are mainly associated via hydrophobic interactions, while the 11S globulin has subunits linked by disulfide bonds. [23] As a result, the emulsions containing a higher amount of 11S tended to form gel, promoting the increase of viscosity (Table 4 ) with consequent decrease of droplet size (Table 2 ) and protein surface concentration (Table 3) .
After heat treatment at 90°C for 30 min and high-pressure application, all emulsions showed droplet flocculation due to the gelation of the systems (Fig. 2) . At this condition of heat treatment, the 7S and 11S globulins were completely and partially denatured, respectively, causing the dissociation of the subunits. After that, a probable interaction occurs between the β-subunit of the 7S fraction with the basic subunit of the 11S globulin, [24] producing large protein aggregates. With the emulsification process, the protein aggregates migrated to the interface of the oil droplets and promoted their flocculation. The presence of these aggregates at the interface was confirmed by the increase of surface protein concentration at this condition of heat treatment (Table 3) .
In relation to the soy protein fractions, the mixtures tended to show the same behavior of the predominant fraction. However, the employment of the 3:1 mixture as emulsifier promoted the formation of oil droplets with the smallest diameter ( Table 2 ) and surface protein concentration ( Table 3 ) at 25 and 70°C. In this case, there was probably a synergistic effect between the 7S and 11S fractions, which improved their emulsifying properties. However, the emulsion stabilized by this mixture heat treated at 90°C showed the highest surface protein concentration ( Table 3) , indicating that the formation of protein aggregates was greater at this condition, which led to the destabilization of emulsions (largest oil droplet diameter). Some works have demonstrated that the interaction between different proteins affects their performance in the stabilization of emulsions. Ruiz-Henestrosa et al. [25] verified that soy globulins and β-lactoglobulin at pH 7.0 exhibited a synergistic interaction in the aqueous phase, leading to more elastic interfacial films. In addition, the mixture between different proteins can cause different protein-protein interactions under heating, affecting the viscosity of solutions [26] and, consequently, the stability of emulsions. The combination of the interfacial film with the increase of viscosity of the aqueous phase can cause the synergistic effect of the fractions at this specific ratio.
CONCLUSIONS
The results indicated that emulsifiers rich in 7S fraction were better than those rich in 11S fraction, resulting in emulsions with smaller droplets. In particular, the mixture between 7S and 11S fractions in the proportion of 3:1 showed a synergistic effect, producing emulsions with the smallest droplet size. Heat treatment improved the emulsifying property of emulsifiers rich in 11S fraction, while those containing a higher amount of the 7S fraction became less efficient. In addition, heat treatment combined with high-pressure homogenization led to gel formation of some emulsions, especially those rich in 11S fraction and treated at higher temperatures. Therefore, these results suggest that the combination of different soy fractions can create new natural and efficient emulsifiers and that the gelation of some emulsions could allow more diversified applications for these systems. 
